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The purpose of this study is to discuss two topics relating to the *ime of formation 
of percolating structures in electrorheological fluids. The first topic deals with the effect of 
varying the electric field strength. The second deals with the effect of varying the
electrode gap width to particle size. The results were consistent with theoretical 
predictions, although little data was obtained relating to the second point.
Theoretical analysis suggests that an increase in electric field with, all other 
parameters are held constant will decrease the time for the percolation. Also, decreasing 
the gap width with respect to particle size will have the same effect. Parameters which 
were varied in this study included area fraction, electric field strength, and electrode gap 
width. Percolation times were determined at various area fractions for several electric field 
strengths and two gap widths. The results will show that the electric field strength has the 
suggested effect while the electrode gap width does not. Reasons for inconsistencies with 
simulated formulations will be discussed later in the paper. Changing electric field 
strengths as well as gap width shifted the percolation times by a constant amount which
indicates that structure formation is independent of electric field strength.
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IIntroduction
In 1939 W.M. Winslow discovered that certain kinds of particles suspended in low 
viscosity oils tended to form a fibrous mass when an electric field was applied \  These
suspensions are now known as electrorheological (HR) fluids. A totally reversible change
in the rheological properties of a suspension in the presence of an external electric field is
labelled the MR effect. Nonaqucous suspensions of low conductivity are the typical HR 
fluid. A rapid and reversible increase in the apparent suspension viscosity under the 
application of an electric field is one of the most important effects typified by the HR 
response \  Also, a significant change in the structure of the suspension is observed. 
When an external electric field is applied, the particles of the suspension form strands that 
span the electrode gap. Such structures are referred to as percolating structures. These 
fibrous structures degrade upon addition of shear or removal )f the electric field.
The composition of HR fluids requires a polar particle to be suspended in a non
polar solvent. Typically, dielectric constants for a fluid range from 2 - 15 and
conductivities are on the order of 1 O'7- 10'12 scimens/m. The suspending media can be 
silicone, vegetable, mineral, or halogenated oil. The particles of the suspension can be 
organic (i.e., flour, microcrystalline cellulose, ion exchange resins, and metal soaps) or 
inorganic (i.e., silica, titania, and metal oxides) in nature. Sizes on the order of microns
and approximate spherical shapes normally characterize the physical dimensions of the 
particles \
2The ER response can be explained by several mechanisms, These include (I) 
degradation of fibrous structure formed by polarization forces *etween particles, (2) 
distortion and overlap of the electric double layers of colloidal particles resulting in 
increased energy dissipation, (3) inteadectrode circulation of particles, and (4) the existence 
of water bridges between particles 4. Studies of these models are mostly qualitative and 
can not relate the rheological behavior to the physical properties of the suspension, for 
this reason, the applications of HR fluids have not been expanded. Therefore, a present 
need exists for the characterization of HR fluids.
The application of an external electric field will cause the particles in the 
suspension to form fibrous strands and columns. This effect can be attributed to the large 
dielectric difference between the solvent and the particles which creates inhomogeneous 
electric fields within the fluid l. A recent study on the shear behavior of electrorheological 
suspensions discovered that a critical strain exists and strains below this critical value will 
not affect the structure of the fibers \  At constant strains above the critical value, the 
fibers continually nptured and reformed The researchers' results describe the 
characteristics of the transition region from constant stress to constant viscosity which gives 
a deeper understanding of structure rearrangement during How.
The general application of ER fluids is the replacement of mechanical devices in
order to improve efficiency, response, and lifetime. Some applications of ER fluids may 
include hydraulic valves, pumps, distributors, fans, electrically triggered clutches, and
3miniature robotic joints 16. A hydraulic valve would be composed of two cylinders and the 
ER fluid held in the annulus. If an electric field was introduced across the cylinders a 
resistance to flow would be created. Control of the valve would be achieved with the 
control of the electric field
The purpose of this study is to characterize a two-dimensional ER system consisting 
of silica particles (P.A. Industries) suspended in ordinary corn oil. The first part of the 
study will present a method for measuring the time of percolation of the first strand in the 
presence of an external electric field. The second part of the study will present results of 
experiments where the electric field was varied and will compare these results to computer 
simulation experiments based on the dipole interactions between particles. Results of 
experiments where the gap width of the electrode was varied will also be discussed. Some 
conclusions and recommendations for further work will be presented at the end of the 
paper.
I lm ry
In a recent study by Klingenberg et al. \  a simulation method was developed to 
investigate the structure formation in ER suspensions. The suspension was treated as 
polarizable, spherical particles in a nonconducting medium, with the spheres subject to 
electric polarization forces due to an applied electric field and to hydrodynamic resistance
4due to their motion through the continuous phase. The application of the electric field 
induces polarization forces between the spheres, and between the spheres and the electrode 
wall. These dipolar forces allow the particles to form anisotropic, fibrous structures.
If the suspension fluid is treated in a continuum manner, the continuous phase 
provides a hydrodynamic resistance to the motion of the spheres through its viscosity r^, 
and can contribute to the motion of the particles through thermal energy transfer, resulting 
in Brownian motion. l;or the determination of polarization forces, the suspension fluid is 
treated as a nonconducting class A dielectric with a dielectric constant f4. The particles 
have a diameter o. The quantity fJ is defined as (ep - ct)/(cp + 2e,h where is the 
dielectric constant of the sphere. The particle density p* is defined as 4<>A/7i, where 0 A is 
the area fraction of the particles and K is defined as the electric field.
The motion of a particle i in the suspension is governed by Newton’s equation of
motion:
m d;RVdf = l*({R/)h (1)
where Ii({Ry)) is the sum of all forces acting on the ith particle, which may depend on the 
positions of all spheres {R; |. Solving equation (l) will require explicit equations for the 
forces acting upon the sphere.
The electric polarization interaction between spheres is treated in a pair wise 
fashion. The dipolar force between particles , and i is given by:
F '. / M U  = F0|(o/R,7)4|(3eos?8v-l)e, + sin 28^» || (2)
5where R* is the distance between the spheres, 6(> is the angle the particles form with 
respect to the electric field along the z axis.
F„ = (3/16)nr,0etcrp2E2. (3)
The fo.ce between the particle and the electrode wall is given by the summation of the 
pair interactions between the ith sphere and the reflected images of all of the spheres in 
the suspension:
Eww,([R,n = (4)
}
The hydrodynamic force is given by Stokes’ Law:
EM = -3jtnco  dR/dt (5)
The equation of motion for the ith sphere can now be written:
m d3R/dt2 Iir„(R ,A > + + E ‘" (6)
Natural time scales to define dimensionless variables were chosen as follows: 
length a o, time a 3mito7F0, force s  
Now the time scale, t, = lbr|t/c0ct.p2E2. (7)
The time for the first percolating strand to form is tr. In the computer simulations the 
relationship between t/t, and p* was determined to be the following:
t = d.05924 p*** (8)
The results presented in this study will test equations (5) and (8) and explain any 
differences that may occur.
6Experimental Procgdyxe
The experimental process is quite simple and straight forward. Figure 9 illustrates 
the process that was used. The source of power was a CIRCU1TMATE Model FG2 
Function Generator with an output of 1 - 10V at l(X)hz frequency on a sine wave pattern. 
The voltage was amplified by a factor of HXX) through the use of the TREK Model 664 
High Voltage Amplifier/Supply System. A maximum tolerable current of 2mA was set on 
the device, If the current w e't above this limit the system shut down. The voltage (VAC) 
was measured from the amplifier on a hand held voltmeter. The voltage was directed from 
the amplifier to a "black box" apparatus that was used to send the output to the ground if 
necessary. The cell was made of two brass electrodes (lxlxScni) with screws on the side 
for connecting the cell to the voltage supply, and a plexiglass cover and bottom slip (0.5 
cm thick); see Figure 10 for final specifications. The cell was video taped with a 
Panasonic camera connected to a Panasonic VCR. The image was viewed on a Panasonic 
B/W Monitor.
One of the major goals of the study was to obtain a high quality two-dimensional 
picture of the ER suspensions. In order to meet this goal, an initial design of the cell 
included two electrodes that were slightly thicker than the particle size. The suspension 
was applied to the cell and a cover slip was then placed on top of the suspension. The 
problem with this design was that a 2D structure was not apparent due to particles that
were in between the electrode and the coverslip. To resolve this problem, the cover slip
7was glued to the electrodes and the suspension was applied at the ends of the cell. The 
problem with this cell was that capillary effects withdrew the fluid from the cell due to the 
length of the coverslip. The coverslip was reduced in length and the problem was 
corrected. Although the cell was now yielding excellent 2D structures, there was still a 
major flaw in the cell. The electrodes were the same size as the particles which caused 
the electric field to be distorted. The field was strongest at the electrodes and weakest at 
the center of the gap. This problem became evident when small particles (45 pm) initially 
formed percolating structures and then degraded rapidly towards the electrodes.
The final design of the cell was then specified. The electnxles were made thicker 
in order to produce a uniform electric field perpendicular to the electrodes. The cell cavity 
was placed at the center of the electnxles and holes were bore at the ends of the cell to 
allow easy filling and retainment of the suspension in the cell. Several minor aspects of 
the design were changed in order to obtain gtxxi quality 2D video. The thickness of the 
cover slip was reduced because the original thickness caused the electnxles to be hidden 
and fuzzy. The electnxles were spray painted black to reduce the glare and reflection of 
particles on the electrode. The light source of the experiment was introduced from the 
bottom of the cell because this orientation of light made the particles black and the fluid 
white which gave a better contrast than the reverse orientation. In order to prevent fluid 
leaking out of the ce ll a thin coat of vacuum grease was applied to the plexiglass where it
was in contact with the electrode.
8An attempt was made in this study to use copper particles instead of silica. The 
reason for this action was due to the faster response of the copper particles at lower field 
strengths. Not only did the copper give faster responses it also produced an uncontrollable 
current at area fractions greater than 0.05. For this reason the copper particles were not 
used. In an attempt to make the silica particles respond faster, the particles were hydrated. 
The increase in water content of the silica did not produce any significant change in 
response time. As a result of the differences in densities of the corn oil and silica, the 
suspension separates into 3 layers when allowed to set for a few minutes. The layers were 
silica, oil, silica respectively with a 2:1 ratio of lighter to heavier particles. At one point 
the bottom layer of silica was separated from the oil and tested separately from the top 
layer. Two interesting effects were observed; (1) the denser silica particles did not respond 
at all to the electric field, and (2) the denser particles separated into three layers as the 
original suspension did. The separation technique was not employed because the response 
time of the less dense layer was not significantly different from the original response. The 
silica particles were sifted into various size ranges. For all experiments reported in the 
study, the particle diameter, o, was between 90 and l(X) pm, with an average value of 95
pm.
The following table is a list of experimental conditions that occurred during this
study:
9Table 1: Summary of Experimental Conditions
Experiment .1 Cap_WidilLlmiii) YoliageTYj frequency XHzi
1 1.2 750 100
2 1.2 400 100
3 1.2 3(X) 100
4 1.2 2(XX) 100
5 2.1 15CX) 100
The experiments were run in the following manner. Ail equipment was turned on and the 
electrodes were attached to the cell and the cell was placed in view of the camera. The 
coarse focus on the camera was adjusted until approximately half of the picture on the 
monitor was occupied by the electrode gap. The suspension was then introduced into the 
cel! by a pipet injection. The fine tune of the camera and the light source wore then 
adjusted until a high quality picture was discerned. The cell was moved horizontally until 
a suitable uniformness in urea fraction was obtained. Next, the voltage was set at the 
appropriate level while the load was going to the ground. When the video tape began 
recording the load was then switched to the electrodes and the HR fluid responded. Three 
pieces of raw data were obtained from the experiment and are listed in Appendix B.
The first piece of information that was determined was the percolation time. The 
procedure for determining this variable involved determining when the electric field was 
turned on from the video and then counting the number of frames that passed until the first 
strand of particles spanned the electrodes. The onset of the electric field was determined
as the frame when the particles started to move. This point was easily determined because
in all runs at least 2 or 3 particles made a dramatic position shift in the suspension. The
10
number of frames was determined by counting each frame until the first strand formed. 
This number was converted into the percolation time by dividing the # framcs/sec into the 
number of frames. The # frames/sec was determined to be 65. The area fraction of the 
suspension was determined from a digitization program. The program, developed by D. 
Klingenberg, digitizes the video and assigns a number between 0 and 255 to each pixel on 
the screen which correspond to various shades of black and white respectively. The 
program will make the picture totally black and white from specifications input by the 
user, and then determine the fraction of white areas on the screen. In all runs the area 
taken was the area between the electrodes. The program also enables the user to print the 
video picture as exemplified by figures 1-4.
iksulis AndDiscus^ ion
The typical ER response is illustrated in figures 1 - 4. Realize that in both cases 
that the particle size is the same at o= 95 pm; only the gap size was changed. Notice that 
the smaller gap size yielded fibrous structures that were thick and branched. The larger 
gap size yielded thin and less branched structures. The mason for this is unclear.
In experiments 1 through 4 the electric field was varied while the gap width to 
particle size remained constant. The area fraction was varied and percolation times were 
determined. The results of the individual experiments can be seen graphically on Figures
-V V i *
i i
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11 through 14. Notice that in all cases the percolation time decreases as the area fraction 
increases due to increased particle-particle interactions. When the electric field strength 
was increased the curve was shifted downward indicating that the stronger electric field 
produced a larger dipole in the particles. The results of the individual experiments are 
consolidated onto Figure 5 and the overall trend can be observed. The results were fit to 
the equation tp -  b <J)A‘. The parameters a and b, along with their standard errors, were 
determined from linear regression of the linearized form of the equation: ln(tp)= ln(b)+ a 
ln(<j)A). These results are represented in 'Fable 2:
Table 2: Experimental Error
E*perime nt # a s .f: ( a) log b S.E (log bj
1 -4.33 0.330 -2.92 0.268
2 -3.87 0.658 -2.16 0.532
3 -8.47 2.24 -4.75 1.51
4 -3.57 1.96 -3.88 1.12
5 -3.89 0.393 -4.32 0.466
for tp = b 0 /
An issue to be considered is: are the slopes, a, the same or different as
i varied. If the uncertainty in the slope is assumed to be +/- twice i
error, the issue can be resolved. Figure 7 displays these results. Notice on the graph that 
the slopes are all the same at a value of approximately -5. This result is also manifested 
in Figure 6. In this plot the percolation time,tp, was made dimensionless by dividing by 
the time scale, t„ as defined previously. Notice that the data consolidates around a single
10
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line with a slope of -4.87. Figure 8 illustrates the relationship of the intercept, b, with the 
electric Field and states that b -= 10540 E 2 + 0.0211. The relationship can be considered to 
be a constant divided by E2.
Computer simulations predict that for the system of (l/o) = 10: 
tp/t, = 0.05924 p * 4m = 0.01779 <J>A4W
where p* = 4 QJn n. = 0.055 Pi* s f, = 2.94
t. * 16r)ye„e,p,E2 c„ = 8.8542x1012 F/m P = 0.488
The experimental prediction is: tp/t, = 0.06586 (J)^ -*"7 (9)
Notice that the experimental value of the slope is slightly smaller than the simulated value. 
The difference is only 2.2%. The simulation curve is lower than the experimental one 
due to the presence of the plexiglass plates holding the spheres in the monolayer. For 
example, in the simulation, the hydrodynamic drag on the particle is represented by 
equation (4). In the experiment an added drug due to the plexiglass walls exists and can 
be represented as a correction to equation (4), The right side of equation (4) will be 
multiplied by a factor, ft, which will be greater than one. This factor is a function of the 
distance between the spheres and plexiglass walls and cannot be determined in these 
experiments. The correction would imply a better agreement between the simulation and 
experimental. The physical meaning of the results presented in Figures 6 through 8 imply
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that the final structure of the ER fluid is independent of field strength. In other words, the 
structures of the fibers over a long period of time will be the same at various field
strengths.
The second pan of the study examined the effect of changing the gap width with 
respect to particle size while the electric field was held approximately constant. The 
hypothesis that the percolation time decreases with decreasing (l/o) has been presented. 
The reason for the shorter percolation time can be attributed to the fact that a shorter gap 
width means that a smaller number of particles are required for the formation. This 
hypothesis can not be confirmed in this study due to the insufficient amount of data that 
was collected. Notice in Figure 16 the percolation time decreased when (l/o) increased. 
One possible explanation may be attributed to the fact that not only was the gap width 
increased but also the length of the suspension viewed increased. No further discussion
can be presented on this topic until further experiments are performed.
Conclusions and Recommendations
The purpose of this report was to characterize a two-dimensional system of the ER 
fluid consisting of silica particles suspended in ordinary corn oil. An experimental 
procedure was developed to test computer simulated results and was found to reproduce
14
results that agreed well with the simulations \  The major finding of the experiment was 
the relationship:
tA  = b 0 /  
where a = *4.87 
b = 0.06586
Computer simulations found that a = -4.98 and b = 0.01779. The variable a was 
determined to be constant over a range of electric fields. The variable b was determined 
to have an inverse relationship with the square of the electric field. The physical meaning 
of this equation and these relationships implies that the structure of the ER fluid is 
independent of field strength. In other words, the final structures of the fibers over an
extended period of time will be the same at different field strengths. The difference 
between this result and the simulated one can be attributed to urag forces caused by the 
plexiglass walls holding the particles in a monolayer which could not be accounted for in 
the simulation.
When the area fraction of the suspension was increased, the percolation time of the 
system increased due to an increase in particle-particle interaction. Percolation times also 
increased at higher electric fields due to an increased dipole in the particles.
Theoretical analysis suggests that the percolation time should increase when the ratio
of gap width to particle size is increased. The results of this study showed the reverse
trend when to different gap sizes were tested. These results are unreliable and inconclusive
15
due to the insufficient amount of data that was recorded. Further studies needs to be 
performed on the variance of gap width to particle size in order to test the simulated 
results. The effect of including an larger overall area of fiber formation ( i.e. a longer 
cell) also needs to be studied in order to ascertain its effect on Fiber formation.
Determination of other characteristics of HR fluids include analysis of the distance 
between and the thickness of the strands. The total characterization of FR fluids will 
allow for predictions of FR behavior in such devices discussed previously and allow for 
the optimum use of such devices.
%
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Appendix A: Experimental Figures
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Figure 9: Process Diagram
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Appendix B: Raw Data
B1
Hxpcrimcni #1
#.frames
13(X) 
541 
1011 
40 
62 
24 
40 
864 
740 
15 
30 
60 
75 
115 
120 
63 
105 
72 
4(X) 
170 
75 
60 
70
Seconds
20.(X)
8.32
15.55
0.67
0.95
0.54
0.62
13.29
11.38
0.25
0.46
0.92
1.15 
1.77 
1.85 
0.97 
1.62 
1.11
6.15 
2.62
1.15 
0.92 
1.08
Area Traction
0.2416
0.3243
0.3446
0.5688
0.5193
0.5669
0.5347
0,3091
0.2808
0.6391
0.6288
0.5853
0.5059
0.3935
0.3718
0.5374
0.4185
0.4940
0.3897
0.3673
0.4740
0.5291
0.5086
Experiment #2
# Frames Seconds AreaJmciLon
43 0.66 0.5547
40 0.67 0.6839
117 1.80 0.5283
102 1.57 0.4881
256 3.94 0.4129
125 1.92 0.5096
195 3.00 0.4515
105 1.62 0.4893
98 1.51 0.4871
28 0.43 0.5343
894 13.75 0.2761
170 2.62 0.3554
568 8.74 0.4405
772 11.88 0.3878
1060 16.31 0.2743
Expgrim^nl#3
*  to m es 
764 
100 
490 
199 
70 
1040 
260 
55
1560
350
66
20
70
120
70
Seconds
11.75
1.54
7.54 
3.06 
1.08 
16.00
4.00 
0.85
24.00 
5.38 
1.02 
0.31 
1.08 
1.85 
1.08
AjkslErk 
0.5186 
0.5444 
0.5072 
0.4708 
0.5220 
0.4494 
0.4932 
0.4738 
0.4109 
0.5171 
0.5622 
0.6512 
0.4920 
0.5100 
0.5553
i o n
Kxperimem #4
t i i a r n c s
12
280
41
17 
26 
542 
380 
90 
97 
60 
16 
234 
155 
1040
18 
29
Seconds
0.18
4.31
0.63
0.26
0.40
8.34
5.85
1.38 
1.49 
0.92 
0.25 
3.60
2.38 
16.00 
0.28 
0.45
A reiJxae
0.5259
0.2038
0.3790
0.3789
0.4206
0.3444
0.3479
0.2967
0.2612
0.3066
0.2875
0.2756
0.2402
0.1996
0.4151
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Figure Captions
Figure 1. The 2-bit adder as labeled for an analysis of dual faults 
involving broken connections.
Figure 2. An example of a dual fault symptom state displaying Type 4 
interactions.
Figure 3. An example of a dual fault symptom state displaying Type 3 
interactions.
Figure 4. An example of a dual fault symptom state displaying Type 2 
interactions.
Figure S. An example of a dual fault symptom state displaying Type 1 
(no) interactions.
Figure 6. Mean times till subjects' first solutions of dual faults 
according to interaction type.
Figure 7. Sorted mean times till subjects' first solutions of dual faults 
and their interaction types.
Figure 8. The time spent by subjects experiencing the dual fault DF 
viewing symptoms of F.
Figure 9. The time spent by subjects experiencing the dual fault BF 
viewing symptoms of F.
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occurring alone
Symptoms of the dual fault “KP"
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Symptoms of "S" 
occurring alone
Symptoms of the dual fault "SV"
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Appendix
Multiple Fault/2-oit Adder  Experimental Protocol
Follow the procedures outlined in this experimental protocol very 
strictly. Do not omit anv part, even if it seem silly, and do not add 
anything. If subjects ask Questions try as much as possible to answer 
with information already contained in these instructions rather than
giving them new ideas. If an important question arises we will have to
ormulate the best answer to it and incorporate it into these
procedures,
Before the subject arrives make sure you have the following items in 
the experimental booth:
• tape recorder
• fresh, unused tape (use a new tape for each s: - j ject)
• pencil
• consent form
• workload ranking booklet
• five workload rating scale forms
The name of this experiment is jml
Label tape with experiment name and subject number. Put tape in 
tape recorder and set it up in booth. Make sure that the booth fan is
Write your name at the bottom of the consent form, and fill in the 
experimental details at the bottom of the workload ranking and rating 
forms. Number the workload ratings sheets as follows: single (S), 1st 
multiple (M1), M2, M3, and M4. If you have time, insert the letter 
codes for the actual faults the subject will experience.
The experimental program is called ___
Start the experimental program up and enter the subject number and 
the name of the experiment
Once all these details have been attended to, call the subject into the 
booth and seat them in front of the computer.
Read the following instructions verbatim at a moderately slow pace.
Preamble
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____ ( Point to all fields on the screen as their names are spoken in
following segment.)
_____ On the computer screen is a 2-bit binary adder. You can see
that it will add the number A1 AO to B1 BO. The answer appears in S1 
and SO, which are the two bits of the sum. The adder also displays the 
carry values in C1 and CO.
____ This experiment involves the diagnosis of 2 faults that occur at
the same time within this 2-bit binary adder. The 2 faults will bo 
broken connections between components of the circuit.
____ ( Point to screen to indicate a connection)
____ Your task is to diagnose the 2 broken connections in each trial
by changing the input values and observing the resulting outputs. We 
will ask you to think out loud as much as you can, and we will tape 
record much of the session. At various points throughout the 
experiment, we will ask you to rate your mental workload.
____ ( Put the consent form in front of the subject)
_ _  If you are happy to take part in this experiment we need you to 
sign a consent form. Please read the statement at the top of this form. 
If you agree with the statement and wish to proceed, go ahead and fill 
in your name and address and sign the form.
____ ( When the subject has completed the form, remove it from
sight)
Workload Rankings
____ As I said, at various points Ihroughout the experiment, we will
ask you to rate your mental workload. However, many factors 
contribute to mental workload and we want to know which ones are 
most important for you. Here are some factors that are often listed.
__ ( Read the titles and descriptions from the "Rating Scale
Descriptions" sheet and answer any of their questions at this point)
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____ Now we would like to know what you think the most important
contributions to mental workload are for you.
____ ( Place the Workload Rating booklet and a pencil in front of the
subject)
____ On each page in this booklet, please select the member of each
pair of factors that is the more important contributor to mental 
workload, as you view it. Take your time as you work through the 
booklet.
____ { When the subject is finished, remove the booklet and pencil.)
Normal States
Now I'll show you how to test and diagnose the circuit. Please 
click twice on the Start button.
____ ( In the following, point to items where necessary)
____ The circuit is currently in a normal state without any broken
connections. You can see that all the inputs and outputs are currently 
at zero. Go ahead and click on the zero in the S zero box. Observe 
that the input at B zero has changed to 1. This means we are adding 
A -  00 and B -  01. The value in Sum zero has now changed to 1. This 
is the output we would expect from this addition given that the circuit is 
functioning normally without any broken connections.
___  This test has been recorded in the "Test Window." The values
on the left are the two bits of A and B respectively, and the value on 
the right of the equals sign is the sum. The carry values are in 
brackets.
____ Now try adding A -  10 and B « 10
____ ( Watch the subject do this to make sure they put the '1 ’s in the
right places and that they understand the differences between the 
sum outputs and the cany outputs.)
____ Does the system output make sense to you?
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____ Go ahead and do some more testing until you're comfortable
with how the testing interface works.
___To help us learn how knowledgeable people go about
diagnosing these faults, we would like to tape record the session. We 
would like you to think out loud as you go about testing and 
diagnosing the faults that follow. Try to name the tests and 
components you are talking about as "XOR2" or "change B1 to zero" 
rather than calling them "it", "change this one", “over here", etc.. This 
makes it easier for us to understand the tape.
____ The tape will help us understand the problem solving processes
that experts go through when diagnosing faults in the circuit. Your 
cooperation in verbalizing things that are going through your mind as 
you work through the task is greatly appreciated. In addition, I may 
ask you questions and converse with you from time to time.
____ Do you have any questions at this point?
____ ( Now start the tape recorder)
___ Please click twice on the Finish button; click on OK and click on
the 'yes' button.
Single Fault-Practice
___ Now we will start with a practice trial that involves a single fault.
Fora single fault there is only one broken connection. In this trial and 
in all others there are no other types of faults except broken 
connections. At no time will the components themselves malfunction.
__ The circuit will always appear normal, as it does now. At no
point in the experimental session will actual broken connections be 
displayed. I would like you to test the circuit and try to determine 
where the broken connection is located. If you can, let me know what 
you are thinking as you go along.
____ When you are ready please click twice on the Start button and
start with the diagnosis.
( Let the subject proceed until it seems that they have a 
diagnosis or a reasonable amount of time has elapsed.)
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____ Now we can demonstrate how to perform a diagnosis on the
circuit. There are two types of diagnoses you can mane. We will call 
them 'exploratory' and 'almost definite' diagnoses.
____ Go ahead and click on one of the components you think is
directly associated with the broken connection. Notice that this gate 
turns black. This indicates that it is part of your current diagnosis. 
Now click on the component on the other end of the connection. It 
turns black, the components are restored to normal, and you see a 
black dotted line between the components. This is an 'exploratory' 
diagnosis. It indicates that you are working on this connection as a 
possible diagnosis, or you just want to see how it looks.
____ Now look at the Diagnosis Window. This window provides yoL
with a record of all the diagnoses you make. You can see that your 
diagnosis has been registered there, with a dotted line between the 
component names.
____ Now suppose that after additional testing you are feeling more
certain that the exploratory diagnosis you just made is correct. Now 
you want to register it as an 'almost definite' diagnosis. You indicate 
this by pressing the Apple Command button while clicking on the 
components. Try this now.
____ ( Make sure the subject successfully completes the command
sequence.)
The dotted line is now red. Notice that this has been registered 
in the Diagnosis Window too, with the word 'red' in parentheses next 
to it.
You can directly enter an 'almost definite' diagnosis by pressing 
the Apple Command button while clicking on the components. Try 
this now on another connection.
_ Now suppose that later on you decide that these 'almost 
definite* diagnoses cannot be true. You can then go back and click on 
the components with or without the command key down. If you hold 
the command key down, the diagnosis becomes 'exploratory' again. 
Go ahead and try this. Notice that this has been registered in the 
diagnosis window with a solid line between the component names.
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____ If you do not hold the command key down, it returns to a solid
line. Go ahead and try this on your other 'almost definite’ diagnosis. 
Notice that the line connecting the components has returned to 
normal and that this is registered in the diagnosis window again.
____Attempts to diagnose broken connections between components
that are not directly connected are illegal diagnoses. First click on 
XOR2 and then on AND1. XOR2 returned to normal but AND1 is still 
black. The program is still waiting for you to complete a valid 
diagnosis with any of the three components directly connected to 
AND1 or to do something else.
____ Sometimes it may be appear that only part of a connection
between two components has turned light. This is OK. As long as 
there is not a solid black lino the whole way between two components, 
then you have successfully indicated that there may be a break there. 
If you are not sure of what your current diagnoses are. or what the 
program thinks they are, you can always check in the diagnosis 
window.
____ Now I would like you to make and remove diagnoses until you
are comfortable with how the interface works. Also try scrolling the 
diagnosis window.
___ ( Let subject do this until they have experienced all transitions
between 'no diagnosis', 'exploratory diagnosis'and 'almost definite 
diagnosis'.)
____ When diagnosing a broken connection, tne order in which you
click on the 2 components does not matter. You can view previous 
diagnoses that have scrolled out of the window by scrolling back.
___ You can test, diagnose, and undiagnose in any order you like.
For example, you may test the circuit, make a diagnosis, then do 
some more testing, and so iorth.
____ There are no other types of faults except broken connections
and at no time will the components themselves malfunction. Your 
diagnoses do not create actual breaks in the circuit. The circuit itself 
is unaffected by your record of diagnoses.
____ The broken connection affecting the circuit right now is a broken
connection between AND3 and CARRY zero.
____ Do you have any questions about how to test or diagnose the
circuit?
____ ( Handle any questions)
____ Now ci.ck twice on the Finish button, click on "OK", and click on
“yes". After you have clicked this final "yes" button the program clears 
tne previous fault and loads the next one.
____ In the trials that follow, at some point I may ask you to finish duo
to the time constraints of the session. Although there are no particular 
time constraints for diagnosing the faults, we would like you to do the 
best you can in a reasonable amount of time. Wc are not interested in 
how fast you can do a diagnosis, but rather the problem solving 
processes you go through to do the task. For that reason it is 
important that you keep your record of diagnoses up-to-date.
____ Any questions about anything we've talked about so far?
At present you are between trials; that is, you've clicked the 
Finish button for the last trial but have not get cricked the Start button 
for the next trial. In the between-trial periods like this you can take a 
break, stretch a bit, and so on. Are you ready to continue or would 
you like a break here?
____ ( When subject is ha; >y to proceed, do so )
Single Fault-Proper Trial with Workload
____ Now you will get a chance to diagnose a single fault. This gives
you more opportunity to get familiar with the interface and to get used 
to verbalizing your thoughts. This trial, like all others, has a unique 
diagnostic solution. When you have a diagnosis you are satisfied 
with, let me know. Please ao not click on tne Finish button until I have 
cleared you to do so.
___If you have no questions, start the trial bv clicking twice on the
Start button.
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____ ( Let subject proceed. Help them verbalize by asking them
questions if they fall silent. Make sure they name their tests and 
objects so they can be understood on the tape. When they have 
finished with this single fault, continue as follows.)
____ Are you satisfied that you have tested thoroughly and are happy
with your diagnosis?
____ Please click twice on the Finish button.
____ ( If the subject has seen all states, let them complete the finish
sequence and then give workload ratings as below)
____ ( If the subject has ggj seen all states, take a note of the states
and take them back to the trial as follows. The readout on the alert 
box gives the left-to-right order of the states)
____ ( If subject has not seen all states:)
____ This is a record of tests you haven’t done yet. I'm
recording them and I'll ask you to enter them.
____ ( After unperformed tests are recorded...)
____ Please click on ’OK'; and on 'No'. I’m going to read out the
tests you've missed. Please enter the zeroes and ones I give 
you from left to right. When you’ve checked that you’re still 
nappy with your diagnosis. I’ll read out the next test.
____ ( Read out states. When subjects indicates they are ready
to finish, clear them to go through the Finish sequence.)
____ t Once subject has seen all states and the Finish sequence is
completed...)
____ Now we would like you to rate how much mental workload you
felt you experienced while doing this diagnosis.
____ ( At this point place the workload rating sheet in front of the
subject and give subject a pencil.)
Multiple Fault Diagnosis
52
____ Place a mark on each scale that represents the magnitude of
each factor in the trial you just completed. Rate this last trial alone. 
Notice that for "Performance," the right hand side of the scale 
indicates “poor" performance. You do not need to verbalize while you 
make your ratings.
____ (When the subject has made the rating, remove the sheet from
sight. Remove pencil also. Do not let the subject refer back to 
previous sheets and do not give subjects information about previous 
responses if they ask for them. )
____ Would you like a short break or will we go on?
Start of First Multiple Fault Trial
____From now on you will be diagnosing multiple faults. There will
be two faults in each of the following trials. There is just one correct 
two-fault solution for each trial. The general procedure is just the 
same as before, and we would like you to think aloud as you work. 
Again, please do not click on the Finish button until I have cleared you 
to do so.
____ When you are ready, go ahead and click on the Start button.
Finish of all Multiple Fault Trials
____ ( When it seems that subject wants to finish, ask them the
following)
____ Are you satisfied with your tests and your diagnoses?
____ ( If yes, let subject proceed with the Finish Sequence. If anv
states remain untested, record them, oo back into the trial and get 
subiect to observe themand do anv more diagnosis or testing he or 
she wishes )
____ ( When subject has seen all states and Finish Sequence is
complete, place the workload rating sheet and a pencil in front of the 
subject)
____ Again, please rate your mental workload just for the last trial you
completed.
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____ ( When the subject has made the rating, remove the sheet and
the pencil from sight. Do not let the subject refer back to previous 
sheets and do not give subjects information about previous 
responses if ihey ask for them)
____ ( For all but last trial, say...)
____ Would you like a short break or will we go on?
Start of 2nd. 3rd and 4th Trials in Main Experiment
____The program has cleared the last faults from the network. When
you press the Start button it will put in another set of faults. Go ahead 
and press Start when you are ready.
At End of Experiment
Fill out receipt, and pay subject. Give subject debriefing sheet. Ask 
them not to show it to classmates or to anyone who might take part in 
the experiment, and explain why. Ask them not to discuss details of 
the experiment with classmates too. A similar request, with 
explanation, is given at the top of the debriefing sheet.
Ask subject if they would like a copy of the paper that will be written 
up, giving the results of the experiment. If yes, then mark the 
subject's consent form with "send paper" or something like that.
